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ABSTRACT. In this paper, a new method of investigation of the external radio source position catalogs
RSPCs stochastic errors is presented. Using this method the stochastic errors of nine recently published
RSPCs were evaluated. It has been shown that the result can be affected by the systematic differences
between catalogs if the latter are not accounted for. It was also found that the formal uncertainties of
the source position in the RSPCs correlate with the external errors. We also investigated several topics
related to the formal uncertainties and systematic errors of RSPC.
1. INTRODUCTION
VLBI is currently the primary technique for maintening International Celestial Reference Frame
(ICRF, Ma et al. 2009). The latter is realized as a catalog of radio source coordinates derived from
processing of VLBI observations. Assessing the systematic and stochastic errors of radio source position
catalogs (RSPCs) plays an important role in improvement of the ICRF. The internal stochastic error
of the RSPCs is determined by the source position uncertainties given in the catalog. The external
stochastic error can be assessed only from mutual comparison of several RSPCs.
In this work, we present a new approach to computation of the external stochastic errors of RSPCs.
It allows to simultaneously analyze an unlimited number of RSPCs, the more the better, in fact. A key
point is a new method of estimation of the correlation between catalogs. Another development is a new
concept of weighted correlation coefficient, which is important for analysis of unevenly weighted data.
The third improvement is accounting for systematic differences between catalogs. With this method,
we obtained errors of nine recently published RSPCs. See Malkin (2013) for detailed description of the
method and results.
We also investigated several other topics related to the formal uncertainties of the ICRF2 sources and
a correspondence between the formal and external errors in source position.
2. METHOD OF THE ASSESSMENT OF EXTERNAL CATALOG ERRORS
We base our analysis at the 3-cornered hat method (TCH) originally developed for investigation of
the clock frequency instability. In its original formulation, the TCH method was applied to three series of
measurements, however it can be generalized to N-cornered-hat (NCH) method. If we analyze N catalogs,
we have to solve the following system:
σ2ij = σ
2
i + σ
2
j − 2ρijσiσj , i = 1 . . .N − 1, j = i+ 1 . . .N , (1)
where σij are variances of paired differences between catalogs, ρij are correlation coefficients between
catalogs, σi, σj are unknown external errors of catalogs. For N catalogs, we have N(N − 1) equations.
The key point of the method is to find reliable estimates of the correlation coefficients ρij . We propose
the following strategy to estimate ρij . Let us have N catalogs. First we select sources in common in all
the catalogs, which are used for the analysis.
Now we consider the i-th and j-th catalogs. At the first step we computed the differences between
these catalogs with all k-th catalogs, k = 1, ..., N, k 6= i, k 6= j. After that, we computed the correlation
ρkij between catalog differences ∆ik = Cati −Catk and ∆jk = Catj −Catk for each k, where Cati, Catj ,
and Catk are vectors of the source positions in common. Computations were made separately for right
ascension (RA) and declination (DE). RA differences were multiplied by cos(DE). The average value of
ρkij over all k was considered an approximation to the correlation ρij between i-th and k-th catalogs.
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To estimate the correlation coefficient between two
RSPCs we used a weighted correlation coefficient de-
fined as
ρwxy =
∑
i
√
px,ipy,i(xi − x¯)(yi − y¯)√∑
i
px,i(xi − x¯)2
∑
i
py,i(yi − y¯)2
, (2)
where xi and yi are input data, sx,i and sy,i are their
standard errors, px,i = 1/s
2
x,i, py,i = 1/s
2
y,i, x¯ and y¯ are
weighted mean of xi and yi. Figure 1 shows an exam-
ple of computation of the standard (ρxy) and weighted
(ρwxy) correlation coefficient for an artificial set consist-
ing of five measurements with two outliers. In this
example, the standard correlation coefficient is equal
to zero, whereas the weighted correlation coefficient is
about unity.
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Figure 1: Standard (ρ) and weighted (ρw)
correlation coefficient.
4. RESULTS OF ANALYSIS
We investigated nine recently published RSPCs: aus2012b, bkg2012a, cgs2012a, gsf2012a, igg2012b,
opa2013a, rfc2013a, sha2012b, and usn2012a. They have 703 sources in common, which were used in
subsequent computations.
The systematic differences between catalogs may have a substantial impact on the determination
of their stochastic errors. Two examples of the systematic differences are depicted in Fig 2. Note
larger differences in declination as compared with the differences in right ascension. One can see that
the systematic differences between catalogs have a complicated structure, which cannot be described in
terms of rotation and a few supplement low-frequency terms.
  
Figure 2: Systematic differences between catalogs: two examples of small (on the left) and large (on the
right) differences. Unit: µas. See (Malkin 2013) for more plots.
The variances of the paired differences and correlation coefficients between catalogs were computed
both for the original differences and the differences corrected for the systematic differences. It was
found that both the variances of paired differences and the correlation coefficients between catalogs are
substantially affected by the systematics (Malkin 2013) . The effect is especially significant for the pairs
of catalogs with large systematic differences.
Table 1 shows the standard and weighted correlation coefficient between GSF and other catalogs. One
can see that the correlations in RA and DE are very similar, and there is no clear dependence on the
software. It is also noticeable that catalogs obtained at the same AC more closely correlate with each
other than catalogs obtained in different ACs (Fig 3).
Finally, we computed the stochastic errors of the nine RSPCs in two ways: with and without correcting
for the systematic differences between catalogs. The weighted correlation coefficients were used in both
cases. The results are presented in Table 2. A comparison of the two variants shows that the systematic
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Catalogs ρ ρw
α / δ α / δ
AUS – GSF +0.1861 /+ 0.2032 +0.1125 /+ 0.1129
BKG – GSF +0.5082 /+ 0.6095 +0.4794 /+ 0.5038
CGS – GSF +0.7711 /+ 0.7746 +0.6395 /+ 0.6348
GSF – IGG −0.0193 /+ 0.2334 +0.3732 /+ 0.3693
GSF – OPA +0.5210 /+ 0.4823 +0.4711 /+ 0.4931
GSF – RFC −0.2497 /− 0.0311 +0.2184 /+ 0.2582
GSF – SHA +0.1528 /+ 0.1270 +0.1218 /+ 0.1195
GSF – USN −0.0268 /− 0.0832 +0.0099 /+ 0.0346
Table 1: Standard (ρ) and weighted (ρw) correlation coefficients between GSF and other catalogs.
Catalog B09 B10 B11 B12 G09 G10 G11 G12 O09 O10 O11 O12 O13 
IF2 0.458 0.227 0.128 0.065 0.315 0.077 0.009 -0.052 -0.244 -0.295 -0.276 -0.283 -0.258 
B09  0.784 0.676 0.586 0.220 0.187 0.152 0.130 -0.078 -0.085 -0.017 -0.009 0.003 
B10   0.929 0.808 0.136 0.281 0.256 0.229 -0.016 -0.054 -0.051 -0.057 -0.039 
B11    0.923 0.105 0.272 0.284 0.274 0.012 -0.024 -0.051 -0.074 -0.069 
B12     0.091 0.260 0.275 0.327 0.033 -0.003 -0.047 -0.087 -0.119 
G09      0.639 0.519 0.335 0.404 0.268 0.224 0.183 0.172 
G10       0.909 0.648 0.295 0.309 0.298 0.248 0.225 
G11        0.777 0.266 0.271 0.331 0.285 0.250 
G12         0.189 0.206 0.269 0.289 0.276 
O09          0.738 0.503 0.394 0.320 
O10           0.730 0.519 0.427 
O11            0.857 0.732 
O12             0.901 
 
Figure 3: Correlation coefficients between input catalogs. The catalog designation is formed from the first
letter of the AC name (B for BKG, G for GSFC, O for OPA) and two last digits of year of publication;
IF2 stands for ICRF2. The values related to catalogs obtained at the same AC are highlighted.
differences significantly affect the determination of their stochastic accuracy. The numbers in the last
column of Table 2 are considered as the final result of our work. For comparison, the median source
position uncertainty as reported in the catalog is given in the second column of Table 2. Figure 4
shows that the external stochastic errors correlate with formal (reported) uncertainties for catalogs with
relatively large errors. For catalogs with higher accuracy, such a dependence is mush smaller.
Figure 5 shows the dependence of the position uncertainty in the ICRF2 catalog 2012a on the number
of sessions and the number of observations (delays). Although the number of delays closely correlates
with the number of sessions, the former seems to be the better argument for description of the dependence
of the position uncertainty on the observational history of the source.
During computation of ICRF2, positions and position uncertainties of 39 sources were not solved as
global parameters like positions and position errors of other global sources, but was derived from a special
analysis of source position time series (Ma et al. 2009). For this reason, these sources were referred to
as special handling sources (a.k.a. arc sources). As one can see in Fig. 5, formal errors in position of
arc sources (marked with squares) do not correspond to general law. This problem was earlier addressed
in the IERS/IVS ICRF2 Working Group discussions, but has not been satisfactory solved until now.
Evidently, a special procedure to compute the position errors of these sources should be developed. On
the other hand, a necessity for including arc sources in the ICRF may be worth further discussion.
4. CONCLUSION
1. A new approach to assess the external stochastic errors of radio source position catalogs has been
developed. The new features of this method are: simultaneous processing of all catalogs, implementing
a new strategy for estimating the correlations between RSPCs, using weighted correlation coefficients,
accounting for systematic differences between RSPCs. Using this approach, we obtained independent
estimates of the stochastic errors of the nine recently published catalogs, some of them for the first time.
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Catalog ME Original differences Corrected differences
α / δ α / δ α / δ
AUS 76 / 86 49 / 56 46 / 51
BKG 28 / 40 23 / 27 21 / 27
CGS 26 / 38 27 / 46 25 / 27
GSF 24 / 36 15 / 21 14 / 17
IGG 49 / 62 48 / 59 42 / 44
OPA 27 / 37 15 / 23 14 / 18
RFC 105 / 110 63 / 93 60 / 74
SHA 27 / 38 13 / 17 12 / 17
USN 29 / 41 10 / 12 10 / 10
Table 2: Median reported uncertainties (ME) and external stochastic errors computed using original
differences and differences corrected for the systematics. Unit: µas
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Figure 4: Correlation between reported and ex-
ternal errors.
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Figure 5: Dependence of the source position uncer-
tainty on the observational history.
2. Modern radio source position catalogs show significant and complicated systematic differences at
a level of tens µas, which must be accounted for during accuracy assessment and combination.
3. Catalogs obtained at the same AC are in close correlation with each other. This may evidence the
presence of AC-specific systematic errors caused by specific modeling and analysis options traditionally
used at different ACs.
4. The external catalog stochastic errors closely correlate with the formal source position uncertainty,
most probably because of quality of the software used and analysis strategy details such as modelling
and parameterization.
5. The ICRF2 source position uncertainties are not homogeneous for global and arc sources, which
should be addressed during preparation of next ICRF versions.
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